Effective regional sediment management has the potential to significantly reduce operating costs for the U.S. Army Corps of Engineers but only if the ultimate sources and sinks of coastal sediment are fully quantified. Geochemical sedimentary markers provide a well-established methodology for fingerprinting the various sources and time frames over which sediment accumulates in regions of concern. This report outlines the basic methodology of how different geochemical signatures can be utilized to identify sources and fates of sediment. These methodologies are then showcased in example case studies (real and hypothetical) that address issues pertinent to the mission of the U.S. Army Corps of Engineers.
Introduction
Quantification of sediment erosion, transport, and accumulation in aqueous regions is a critical component of the U.S. Army Corps of Engineers (USACE) missions. USACE dredging projects result in the removal of more than 200 million yd 3 of material annually. Accurate sediment budgets derived, at least in part, from sediment fingerprinting techniques assist districts to predict dredging needs over the lifespan of a given project and serve to better predict sources of infilling sediments. These data enable districts to develop improved cost-saving sediment mitigation techniques. The same techniques may also allow better tracking and quantification of dredge-suspended sediment fate as it is transported downstream. Sediment fingerprinting also provides a tool for more accurate tracking of sediment released either intentionally or unintentionally from dams during removal or breaching. With respect to military bases, the tracking of potentially contaminated sediment with geochemical fingerprinting from Formerly Used Defense Sites (FUDS), testing ranges, and similar areas of concern can be more accurate than more traditional methods.
Sediment transport is a transient process, due to natural resuspension as well as anthropogenic activities (e.g., dredging), and occurs at widely varying temporal and spatial scales. Currently, sediment transport through a region can be observed to some extent from a variety of remote sensing techniques such as optical or acoustic methods (e.g., Nichols et al. 1990; Hamilton et al. 1998; Hitchcock and Bell 2004; Wu et al. 2007 ). Unfortunately, these methods do not provide any information regarding the source of the sediment being transported. Effective regional sediment management has the potential to minimize sediment accumulation, thus reducing dredging costs and environmental impacts. Specific challenges to effective sediment management include (a) identifying the source and accumulation history of sediment infilling an area of interest (i.e., channels/harbors/bays/reservoirs) and (b) improving sediment tracking moving from an area of interest (i.e., dredging/placement sites, reservoirs, and military installations) to better quantify the environmental impacts of sediment manipulation on local ecosystems.
Sedimentary geochemical markers such as radioisotopes and stable isotopes, organic matter, and mineralogy/elemental composition are recognized and established methods for distinguishing between sediment sources. Currently, these geochemical methods are not routinely utilized by the USACE to monitor the transport and fate of sediments moving into or out of a dredging-impacted environment or to quantify the sediment budget for a specific region. When used effectively, geochemical markers can be used to fingerprint the various sources of sediment being transported to and/or deposited within regional sinks (e.g., Walling 2005; Davis and Fox 2009 ). Further, these geochemical fingerprinting methods represent the standard methods used by the greater scientific community to delineate a local to regional sediment budget.
Objective
Specifically, geochemical fingerprinting of sediment will allow USACE to accomplish the following:
1. Improve USACE's ability to quantify a sediment budget for a region. Geochemical fingerprinting-based sediment budgets allow delineation of the sources of accumulating sediments and the processes by which they are deposited (e.g., consistent sedimentation vs. flood events) over a specific period of time (e.g., weeks to decades). These data can be used to determine if elevation differences previously mapped in a region reflect erosion/accretion in the region, and the time frame and source of the infilling sediments. They can also be used to quantify a sediment budget in regions where traditional bathymetric surveys are not an option (i.e., very shallow regions). 2. Identify the sources and infilling rates of accumulating sediment, including infilling contaminated sediment, within a navigable region. This information could be used to improve or develop local sediment management practices (such as diverting sediment-laden flows through flow control structures) that minimize sedimentation and thus reduce related dredging costs. 3. Better quantify the impact of dredging on ecosystem health. Dredgesuspended plumes and associated deposition are currently tracked through a variety of acoustic and optical methods. Unfortunately, these methods cannot distinguish dredge-related sediment from naturally suspended and accreting sediment. As a result, any deleterious effects of sedimentation downstream of a dredge are frequently assumed to be related to the dredging activity. Geochemical markers can potentially ERDC TR-17-3 3 distinguish dredge-sourced sediment from natural sediment, allowing a more refined understanding of accumulation downstream of a dredge, potentially reducing USACE's mitigation responsibilities. 4. Track the resuspension, transport, and fate of sediment from a dredge material placement site for a longer period of time and at higher resolution than optical or acoustic methods alone. 5. Track the downstream transport and deposition of sediment after dam removal. 6. Quantify the source, transport pathways, and deposition of terrestrial sediment on offshore resources (e.g., coral reefs, oyster beds, submerged aquatic vegetation beds). The timeframe over which sediment is transported to these environments can sometimes also be quantified, potentially allowing for better management of the source material to reduce sedimentation on the offshore resource. 7. Identify the natural sources of sand on beaches. In addition, if sand used to nourish a beach is geochemically distinct from the native sediment, geochemical markers can be used to track the transport of the renourished sand from the beach through the larger system. 8. Identify and track transport of sediments impacted by contamination from active and abandoned military test ranges.
This technical report provides an introduction to the most commonly used markers used in geochemical fingerprinting studies, including brief explanations of their benefits and limitations. It outlines the basic criteria used to determine which markers will work best at a particular site and describes the basic steps used in analysis and interpretation of these data. Finally, both real and theoretical case studies are provided that address issues pertinent to the mission of the USACE.
Background
The use of geochemical fingerprinting to identify sources and sinks of suspended and accumulating sediment, and to quantify the rate and processes by which sediments accumulate, has been accepted as standard practice by the greater scientific community for decades. While volume change of sediment derived from bathymetric or digital elevation model (DEM)-based elevation change can provide a basic snapshot of sediment erosion and accumulation between two discrete time intervals, the addition of geochemical fingerprinting allows quantification of (1) the source(s) of suspended or accumulating sediment and/or (2) the rate(s) in which sediments are transported through, or accumulate within, a region.
The accumulation rate of sediment, and by extension the hydrodynamic processes that resulted in the transport and deposition of that sediment (e.g., storm activity, daily deposition), is largely quantified by sedimentary radioisotope profiles, augmented when possible with bathymetric and volumetric change maps (e.g., Baskaran et al. 1997; Goodbred and Kueh 1998; Patchineelam et al. 1999; Gouleau et al. 2000; Noakes and Jutt 2006; Nittrouer et al. 2009; Hancock and Caitcheo 2010) . The sources of those sediments are determined using a wide range of geochemical fingerprints associated with sediment particles, including radioisotopes and organic material (e.g., Redfield et al. 1963; McKee et al. 1983; Toole et al. 1987; Maksymowska et al. 2000; Waples et al. 2006; Noakes and Jutte 2006; Forrest et al. 2007; Rumolo et al. 2011; Gireeshkumar et al. 2013) , elemental composition, and the mineralogy of the sediment particles themselves (e.g., Santschi et al. 1984; Buol et al. 1997; Goodbred and Kuehl 1998) . The source of suspended sediment, and sometimes the time in suspension, can be quantified in a similar manner using one or more of the geochemical tools described above (e.g., Feng et al. 1998; Feng et al. 1999b ).
Not every geochemical fingerprinting technique is applicable at every site, requiring a quantitative accounting of the sources and infilling rates of sediment in a region of concern. For instance, inland regions without an oceanic or large lacustrine end member will not benefit from certain isotopic (i.e., 7 Be/ 234 Th) or organic (i.e., C/N) ratios. Those regions might, however, benefit from the use of 210 Pb/ 7 Be/ 137 Cs profiles and ratios to determine the rates of sediment accumulation. In another example, the use of stable isotopes (i.e., δ 13 C or δ 15 N) and/or variations in sedimentary mineralogy may be used to discern the relative percentage of sediment sourced from different regions in the watershed. Once the appropriate geochemical fingerprints have been identified and measured, quantitative interpretation of the data ranges from the simple calculation of radioisotope-based accumulation rates to a more comprehensive principal component analysis (PCA).
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Methods
In applying geochemical fingerprinting data to sediment management research, the first step is to identify the potential sources of native sediment to a region by determining their corresponding geochemical characteristics. These geochemical characteristics make up the inherent geochemical fingerprint of a region-specific sediment. Identifying the potential sources of sediment that infill a region, however, can be challenging. While some end members are obvious (i.e., freshwater and saltwater sources in an estuary), others can be more complex (e.g., discerning clay sourced from an industrial region from clay sourced from an agricultural region). However, many infilling regions have been studied by USACE for years, and a wealth of sediment data (e.g., grain size, trace metal concentration) from these regions exists. In these cases, the geochemical fingerprint is best developed by exploring the covariate relationships within the existing historical data using multivariate statistical techniques, as described later in this document. Once the native sediments and any potential source sediments for a region have been identified and characterized, additional samples can be collected from natural sinks and placement areas, further analyzed, and fingerprinted to determine the source(s) of the sediment in question using a multitiered geochemical approach. Longer sediment cores can be collected to quantify the time frame over which the sediments accumulated, from which the processes controlling sediment transport into a sink can be derived. Finally, multivariate statistical approaches may be applied to all (historical and new) data sets to further identify trends within the sample dataset through inherent covariate relationships. These geochemical fingerprinting techniques allow for the identification of the various sources of sediment either in suspension or accumulating in a region at a much higher resolution than previously available and are described in more detail in the following sections.
Elemental composition and mineralogy
The elemental composition and speciation of organic material (OM) associated with sediments can yield important insight into the origin of sedimentary material. A sediment's total organic carbon (TOC) to total nitrogen (TN) ratio (C/N ratio) can help discern the origin of sediment grains, with terrestrial-derived OM possessing a higher C/N ratio than marine-derived OM (e.g., Bordovskiy 1965; Prahl et al. 1980; Meyers 1997; Maksymowska et al. 2000) . Specifically, marine plankton (typically making up marine-derived OM) generally exhibit C/N ratios of 6-7 while terrestrial C/N ratios from vascular plants range from 15-40 or greater (Redfield et al. 1963; Meyers 1994 Meyers , 1997 Jaffe et al. 2001; Maksymowska et al. 2000; Forrest et al. 2007 ). In addition, OM C/N ratios are also indicative of different land uses. For example, forest soils typically have higher C/N ratios than agricultural and grassland soils (Papanicolaou et al. 2003.) While OM characteristics may be useful in identifying sediment sources, there are important limitations to this approach. For example, organic signatures do not represent conservative properties. Diagenetic processes, such as decomposition, nitrification, and denitrification, can alter the sediment OM, and thus C/N ratios over time. Another complicating factor in the use of C/N ratios to determine particle history lies in the influence of grain size on ratios of OM. Specifically, there are two basic forms of OM. Particulate OM, such woody and vegetative debris, soot, and charcoal, exists as discrete particles that influence a bulk samples carbon content. Conversely, a second form of OM occurs as a film-like substance that is strongly correlated with surface area of sediment particles. Smaller particles tend to have higher surface area relative to particle volume and therefore more film-like OM content than larger particles (Hedges and Keil 1995; Meyers 1997) . Measurable OM, particularly as used to derive sedimentary C/N ratios, associated with sand-sized grains is thus distinctly different from that associated with finer material, representing material of distinct origins or diagenetic history (e.g., Prahl et al. 1994; Hedges and Keil 1995; Bergamaschi et al. 1997; Meyers 1997; Blair et al. 2004) . Accordingly, geochemical studies in heterogeneous sediments frequently quantify sedimentary OM separately for fine-and coarsegrained sediment, as well as for the bulk sediment as a whole.
In addition to organics associated with sediments, the mineralogical and elemental compositions of sediment grains and any inorganic materials sorbed to those particles can also be highly informative in developing a geochemical fingerprint of sediment sources. Sediments transported by a river or stream are expected to be composed of a mixture of sediments derived from various locations and parent materials within that watershed. In addition, a wide range of processes impact the mineralogy and elemental composition of individual sediment grains including biocycling, leaching, and weathering under different moisture, redox, and temperature conditions (Buol et al. 1997) . As these factors change throughout a drainage basin, the mineralogy and elemental composition of sediments within that basin may also change (e.g., Goodbred and Kuehl 1998) . Along with natural variability within a drainage basin, anthropogenic activity may also impact elemental composition of sediments being eroded and transported. For example, alteration of land usage and exposure of soil and sediment to a variety of contaminants could result in a change in the elemental composition or even mineralogy (via dissolution and precipitation) of sediments within a catchment. There are also a variety of sources of contaminants within a catchment including nuclear, mining and industrial wastes, atmospheric and agricultural pollutants, and military activities that can contribute potentially unique elemental and chemical signatures to sediment particles, which can then be utilized to develop a geochemical fingerprint for the region.
Sedimentary stable isotope tracers
In some instances, identification of source material can be achieved by examining specific elemental isotopes existing within the sediment. Two commonly used stable isotopes for distinguishing sediments are carbon and nitrogen. Carbon occurs in a wide variety of forms associated with sediments from organic compounds to inorganic carbonates. Carbon has two stable isotopes, 12 C and 13 C. Over 98% of carbon occurs as 12 C with only approximately 1% occurring as 13 C (Hoefs 2009 ). Despite the overwhelming abundance of 12 C, preferential fractionation of the two isotopes can occur through chemical and biological reactions that alter the ratio of 13 C/ 12 C, known simply as δ 13 C, of different substances. Therefore, the δ 13 C of sediment and the OM associated with the sediment can often be utilized to help determine the source of material. For example, δ 13 C measurements of OM can help elucidate the relative abundances of different plant material (i.e., C4 vs. C3 photosynthesis) in soils and sediments, as well as the presence of marine organics in estuarine and coastal areas (e.g., Goni et al. 1998; Gordon and Goni 2003) . Additionally, δ 13 C measurements can be helpful in identifying carbonate rich sediments or detecting the presence of petroleum (Hoefs 2009 ).
As with carbon, nitrogen has two stable isotopes with >99% of nitrogen occurring as 14 N and <0.5% in the form of 15 N. Preferential fractionation of these isotopes in OM occurs in biological processes such as nitrogen fixation, oxidation (or nitrification), and reduction (or denitrification). Nitrogen fractionation also occurs during metamorphism of sediments as ammonium is lost during devolatilization (Hoefs 2009 ). The δ 15 N (ratio of 15 N/ 14 N) fingerprint of OM and sedimentary material can also be useful in characterizing sediments and identify their source(s). δ 15 N measurements are often helpful in distinguishing between agricultural and nonagricultural soils due to the presence of chemical fertilizers and manure or from the possible alteration of the δ 15 N signature due to frequent tilling (Fox and Papanicolaou 2007) . They may also be used to indicate the presence of sewage and help distinguish marine from terrestrial sources of OM (e.g., Rumolo et al. 2011; Gireeshkumar et al. 2013) . Inorganic applications of δ 15 N include identifying the different rock sources of sediments, such as basaltic vs. metamorphic derived-sediment, which can further elucidate the original erosion source of accumulating sediment (Hoefs 2009 ).
Radioisotopes
Radioisotopic dating is based on measuring the amount of energy released by radioactive decay, or "activity," of specific radioisotopes in sediment.
The amount of activity of any given radioisotope in a sediment sample provides valuable information regarding both the source (i.e., marine vs. terrestrial) of the material. In addition, radioisotope activities can be used to quantify both the length of time a particle has either been in suspension or how long since it was deposited. Additionally, once activity has been calculated for multiple samples, the change in activity with increasing depth can be used to determine sediment accumulation rates over time scales of weeks to decades. Several naturally occurring, short-lived radioisotopes that are commonly used to determine sediment sources and/or accumulation rates in accreting regions, including 7 Be, 234 Th, 210 Pb, and 137 Cs, are provided in Table 1 . The ratios of these isotopes can be used in conjunction with their absolute activities to establish a similar history of particle age and source in suspended and near-surface sediment. Examples of common isotope ratios are provided in Table 2 .
With its short half-life (53.3 days) and highly particle-reactive nature, 7 Be is a particularly useful tracer for understanding particle dynamics on short (days-months) timescales. 7 Be is strongly indicative of terrestrial origin for a sediment particle (e.g., Feng 1999a; Mullenbach and Nittrouer 2000; Mullenbach et al. 2004; Wilson et al. 2005) . Another radioisotope commonly used in examining particle dynamics on short time scales is 234 Th. 234 Th is the immediate daughter product of the alpha decay of 238 U.
ERDC TR-17-3 9 238 U is ubiquitous in the geologic cycle, and sediment always has measurable amounts of 238 U, as well as "supported" 234 Th. Total 238 U activity, and thus 234 Th activity, is highest when associated with a dissolved phase in the marine water column (e.g., Borole et al. 1982; Toole et al. 1987; Feng et al. 1998) . Sediment particles suspended in marine-estuarine environments scavenge this dissolved 234 Th activity which distinguishes them from sediment particles sourced from freshwater environments. Variations in a system's 234 Th activity can therefore be used to understand short-term particle dynamics between fresh and marine (or estuarine) end-members (e.g., Borole et al. 1982; McKee et al. 1983; Toole et al. 1987; Feng et al. 1998; Feng et al. 1999b; Savoye et al. 2006; Waples et al. 2006) .
atmosphere than in the water column and higher in the water column than the adjacent seabed. Sediment freshly eroded from the catchment and/or held in suspension in the water column has higher rates of 210 Pb activity than material that has been deposited. With a half-life of ~22 years, the decay of that excess 210 Pb over time in seabed sediments yields sediment accumulation rates over yearly-decadal time scales (e.g., Appleby and Oldfield 1983; Ritchie and McHenry 1990; Sommerfield 2006; Kirchner 2011) . Given that the activity of excess 210 Pb decays with depth, a deeper resuspension event will yield suspended sediment with much lower excess 210 Pb activity than sediments eroded near the seafloor surface or sediments that have been in suspension long enough to sorb excess 210 Pb from the water column. Therefore, variations in the excess activity of 210 Pb have been successfully used to track the source and residence time of coastal sediment (Baskaran et al. 1997; Jweda et al. 2008; Hancock and Caitcheon 2010) .
The short-lived radionuclide 137 Cs formed as a by-product of nuclear testing and has been used to validate sediment accumulation rates derived from other methods. During the atomic bomb testing era, 137 Cs was distributed throughout the world via atmospheric fallout. The depth at which the first appearance and/or the 1963 peak is found is used to calibrate the accumulation rate derived from the 210 Pb activity profile (e.g., Sommerfield and Nittrouer 1999; Fuller et al. 1999; Simms et al. 2008 ). Activities of 137 Cs in surface sediments are also used to track the source, transport, and deposition of terrestrial sediments in coastal systems (e.g., Ritchie and McHenry 1990; Noakes and Jutte 2006) .
Statistical tools
When considering methods to geochemically fingerprint sediments, it is important to realize that the physicochemical characteristics rarely exist independently of each other in soils/sediments but are instead spatially and temporally interrelated. The presence of these covariate relationships among sediment geophysical and geochemical properties complicates distinguishing sources with a single defining property, as is commonly attempted. Therefore, the complex nature of sediment's geochemical characteristics makes a geochemical fingerprint better suited to be distinguished by multivariate approaches, where one considers the entire characterization matrix. A combination of PCA, partial least squares Discriminant Analysis (PLS-DA), and soft independent models for classification analogy (SIMCA) can be used to determine if sediments from different geographic areas are geochemically distinguishable. In simplistic terms, PCA clusters sediments based on their statistical "similarity". These statistical similarities are calculated as scores for each reduced dimension, defined as a Principal Component (PC). To formally assess the statistical validity of the assigned class memberships for the sediment samples, or groupings defined by PCA, unsupervised classification methods such as SIMCA and PLS-DA can be utilized. SIMCA allows for the classification of samples based on the relative "distance" among the different PCA models built for each group of sediments, thus allowing the sediments to be grouped with geochemically similar fingerprints. PLS-DA is performed to sharpen the separation between groups of observations by analyzing and rotating PCA components such that a maximum separation among classes (i.e., sediment groupings) is obtained. PLS-DA can further be used to understand which geochemical parameters carry the class-separating information. This information can then be used to infer information about geochemically indistinguishable sediments (e.g., likely sediment sources).
The following paragraphs are an in-depth description of the analyses that can be applied to sediment systems.
PCA quantifies inherent (and often unseen) relationships existing in samples based on the existing covariance among variables (Esbensen 2010) . Loadings in PCA are defined as the correlation (r) between two variables (vectors), x and y as
where si = standard deviation of the variables. Here, the variables represent the geochemical characterization data used to describe each sample. If projected in reduced space, based on the direction of the principal axis, then the relationship between the variable covariance and angle of the vectors separating x and y is
where, xT represents the transpose of variable x and ||i|| represents the mean-centered variables. Thus, the correlation of variables x and y to the PCs as well as to each other is indicated graphically by their respective angles to the principal axes. For example, if the angle between the vectors (plotted in reduced space) describing variable x and the principal axis (PC-1) is close to zero, then variable x is well described by PC-1 (because cos 0 = 1). Similarly, if the angle between variable x and PC-1 is close to 180°, then variable x is considered negatively correlated to PC-1 (because cos(180°) = -1). Also, if the angle between two variables is close to 180°, the two variables x and y are considered anticorrelated. In short, if the variables are close together geometrically, they are correlated.
By quantifying the correlations among all of the variables in a data matrix, PCA can essentially reduce the dimensionality of large, multivariable datasets to small subsets of orthogonal PCs. The advantage of this technique is that it elucidates latent structure in multivariate data matrices that may not be readily apparent from a univariate comparison of the absolute values within the characterization data. Furthermore, these relationships extend to the samples by which the variables are described through the decomposition of the raw data matrix (X) as indicated by general centered PCA model (Esbensen 2010 ):
where, T = Score matrix, P T = accompanying loading matrix (transposed), and E = the error (nonstructural) or residual matrix in the data isolated from the analysis. Thus, the PC model represents the matrix product of TP T .
These relationships are important when comparing the score and loading plots. These two plots are considered complementary and most revealing when the positions of the objects and variables are studied together. By mentally superimposing the score and loading plot, the same rules described above apply for matching correlated variables with objects. Thus, PCA is a powerful approach that has proven particularly effective in finding relationships among complex soil and sediment data (e.g., Chappell et al. 2011; Chappell et al. 2013; Mathangwane et al. 2008; Steevens et al. 2011 ). For example, Chappell et al. (2013) used PCA to geochemically distinguish fly ash samples from background soils and sediments ( Figure 1 ) in order to detect mixing of spilled fly ash at the Tennessee Valley Authority Kingston Fossil plant with the Emory River sediment.
In Figure 1 , PCA grouped the samples based on (a) whether they contained spilled fly ash (PC-1) and (b) whether samples were collected from the ERDC TR-17-3 13 river or from upland sites (PC-2). Strongly correlated relationships among samples and variables are indicated by position relative to the primary axis (PC-1) and proximity of data points projected on the plots. Samples occurring on the right side (i.e., quadrants I and II) of both the score and loading plot in Figure 1 are those containing higher concentrations of elements. In other words, samples positively loaded in PC-1 represent those with high elemental concentrations and are positioned in the score plot similar to the metal variables represented in the loading plot. Note that almost all of the reference soil and sediment samples are negatively or anticorrelated because they are negatively loaded in PC-1. Additional distinction among the reference samples is seen in PC-2 with sediment samples loading negatively while soil samples load positively. Thus, the PCA shows that the reference soils are geochemically anticorrelated to the reference sediment samples and further suggests that the higher elemental concentrations found in spill site samples are a result of the soil being scoured from the landscape during the collapse of the coal-ash pile, before deposition. 
Example Applications
The examples below are not meant to represent an exhaustive list of the potential uses of geochemical markers. Rather, they illustrate some of the more common geochemical fingerprinting research that is also USACE relevant.
Sediment budgets via geochemical markers
Repetitive dredging to maintain navigation channels, harbors, and ports comprises a significant component of USACE's yearly budget. Sediment accumulation rates in navigable regions may potentially be higher than accumulation rates in similar, natural systems, as the engineering design used to minimize wave energy and protect vessels and coastal infrastructure may actually enhance sediment deposition and accretion. Future costs of maintenance dredging are expected to continue to increase due to increasing sediment loads in some regions as well as more costly environmental mitigation post-dredging. Despite these substantial costs, little to no research is currently conducted by USACE to geochemically identify the source(s) of infilling sediment and the processes by which those sediments are being delivered to navigable regions.
A complete understanding of the rate at which sediment accumulates in navigable regions, as well as pinpointing the source(s) of infilling sediment, requires a quantitative understanding of the entire sedimentary system, from the sediment's source to its ultimate sink. A key component of this is an accurate sediment budget, which takes into account the total sediment inputs and outputs for a given region over time. In principle, deriving a sediment budget for any given region is simple: (1) quantify the amount of sediment being transported into the region and then (2) determine if that sediment accumulated within the region, where it accumulated, and the rate at which it was deposited over the time frame of interest. While techniques for measuring and predicting riverine sediment loads as a function of discharge are relatively straightforward, determining the ultimate fate of sediment is significantly more complicated. Repeated bathymetric surveys provide a rapid and relatively inexpensive way to quantify erosion and accretion in a region of interest, with differences in elevation between repeated surveys being used to estimate sediment transport and accumulation. Estimates of the total volume removed during dredging operations also yield insight as to how much sediment accumulated between individual dredging events. Unfortunately, these methodologies are limited in that (1) they provide instantaneous measurements, or snapshots, of bathymetric change, which might not be indicative of long-term erosion or accretion patterns; (2) some of the measured change between bathymetric surveys is frequently related to variations in the precision and accuracy of the survey methods employed, and dredging volumes likewise suffer from similar methodology inaccuracies; and (3) even if the bathymetric or volume change measured is an accurate representation of the overall change in a system, it provides no information regarding the source of the infilling sediment and only a limited sense of the time over which the deposition occurred. 137 Cs, have been commonly used to estimate short-term to long-term sediment budgets (weeks to ~100 years) in a wide range of coastal environments, including marshes (e.g., Sharma et al. 1987; Zwolsman et al. 1993) , estuaries (e.g., Ravichandran et al. 1995; Dellapenna et al. 1998; Patchineelam 1999; Rubio et al. 2003) , and harbors, bays, and fjords (e.g., Krishnáswami et al. 1980; Sugai 1990; Fuller et al. 1999; Pfitzner et al. 2004) . When coupled with measurements of variations in elemental composition, mineralogy, and stable isotopes, the result is a detailed sediment budget that includes the source(s) of the sediment accumulating and the rate at which sediments are accumulating. These data can be used to significantly improve predictions of not only how much sediment has or will accumulate in a given navigable waterway over a period of time but from where the accumulating sediment is sourced.
Geochemical markers can also be used to discern the source(s) of accumulating sediments. Many of the markers described in the methods section of this report provide useful "source" identification. For example, oceanic-sourced sediment can be discerned from terrestrial-sourced sediment via (1) mineralogy (i.e., sediment sourced from the erosion of calcite reefs offshore vs. the erosion of terrestrial volcanic rock); (2) radioisotopes (presence of excess 234 Th); and (3) TOC and TN ratios (nitrogen-rich marine vs. carbon-rich terrestrial). Within a terrestrial watershed, sediment sourced from different regions of the catchment basin can be sourced via (1) mineralogy (i.e., a region of dominantly limestone vs. a region of dominantly basalt); (2) TOC and TN ratios (agricultural soils vs. forest soils); (3) trace elements or toxins (i.e., from the vicinity of a known pollutant, such as poorly contained mining slag). If the source of accumulating sediment is from a dredge-induced plume, this sediment can also be discerned from naturally accumulating sediment (described in more detail in the following sections). The actual markers used will depend on the specific project needs and environment.
Constraining dredging impacts
Several hundred million cubic yards of material are removed from navigational regions in any given year in order to maintain the needs of commercial, national defense, and recreational users of the nation's waterways. In addition to deepening channels and harbors and providing vast amounts of dredged sediment that can be used for coastal rehabilitation projects (e.g., Yozzo et al. 2004) , dredging resuspends significant quantities of bottom sediment. Once resuspended, this sediment can be transported significant distances downstream before it settles out of suspension, potentially impacting ecosystems far downstream from the dredge or disposal site (e.g., Taylor and Saloman 1968; Sustar et al. 1976; Johnston 1981; Nichols et al. 1990; Nayar et al. 2007 ). Dredge-related increases in suspended sediment have been shown to stress local biota through increased turbidity (e.g., Everhart and Duchrow 1970; Johnston 1981; Newell et al. 1998; Lewis et al. 2001 ), reduced food availability or feeding effectiveness (e.g., Bouma 1976) , and negatively impact natural physiochemical processes (e.g., Wirth et al. 1996; Newell et al. 1998 ). In addition, toxic material associated with resuspended dredged sediment may be re-released into the system, providing additional stress to the ecosystem (e.g., Palmer and Gross 1979; Wirth et al. 1996; Goh and Chou 1997; Nayar et al. 2003) .
Techniques for tracking sediment suspended via dredging activities have greatly expanded in the last several decades. Methods have advanced from water column total suspended solids (TSS) and seabed sampling to include optical, acoustic, and remote sensing techniques. Commonly accepted methodologies include but are not limited to (1) observing the deposition of "new" sediment on the seabed in the vicinity of the dredge site either directly, via seabed sampling (e.g., Nichols et al. 1990; Black and Parry 1999; Hitchcock and Bell 2004; Kim and Lim 2009) or indirectly, via sidescan sonar and/or bathymetric changes (e.g., Hitchcock and Bell 2004; Smith et al. 2008) ; (2) water column sampling prior to and throughout dredging (e.g., Nichols et al. 1990; Pranovi et al. 2004; Smith et al. 2008) ; (3) optical monitoring via optical backscatter (OBS) measurements or other optical methods (e.g., Downing et al. 1981; Downing 1983; Hamilton et al. 1998; Smith et al. 2008 ); (4) acoustic tracking of dredged sediment plumes throughout the water column (e.g., Land and Bray 2000; Reine et al. 2002; Gartner 2004; Hitchcock and Bell 2004) ; and (5) remote sensing (i.e., Landsat TM and MODIS) of dredging vessels and associated turbidity plumes (e.g., Jorgensen and Edelvang 2000; Wu et al. 2007) . Although a detailed comparison of the effectiveness of these methods is beyond the scope of this document, note that none of these methodologies provide any quantitative data on the origin of the sediment they are tracking. Instead, while several methods can use the change in suspended sediment concentrations predredging vs. during dredging to identify and initially track dredge-induced plumes, once the dredge plume concentrations reach background levels, there is no reliable way to distinguish any remaining suspended dredged material from the ambient suspended sediment (Figure 2 ). Accordingly, deleterious effects from increased turbidity or seafloor accumulation observed downstream of a dredging operation are often considered to be dredge related and the sole responsibility of USACE to remediate. Ratios of naturally occurring radioisotopes are commonly used to distinguish old, resuspended material from fresh sediment, both in suspension and in accumulating regions (e.g., Feng et al. 1998; Feng et al. 1999a,b; Matisoff et al. 2005; Whiting et al. 2005) . Specifically, sediment inventories and ratios of 7 Be and 234 Th (Volger et al. 1996; Feng et al. 1999a,b) , 7 Be and 210 Pb (Baskaran et al. 1997; Wilson et al. 2003; Matisoff et al. 2005; Wilson et al. 2007; Jweda et al. 2008; Wilson et al. 2008; Peterson 2009; Hancock and Caitcheon 2010; Feng et al. 2010; Saari et al. 2010) , 210 Pb and 234 Th (Saari et al. 2010) , and 7 Be and 137 Cs (Noakes and Jutte 2006) have been used to distinguish fresh suspended sediment from older, resuspended material, including that suspended during dredging. In addition to radioisotopes, it is not difficult to imagine other geochemical signatures being helpful to track dredge plumes. It is not unusual for dredged material from an industrial port/harbor to contain some sort of contamination. This contamination signal could then potentially be used to identify and track resuspended sediments from the dredging operation, especially if these sediments are thought to travel a significant distance and deposit in an environment different from which they originated. Therefore, in the right environment and with proper conditions, this geochemical fingerprinting methodology could be successful in identifying and tracking suspended, and eventually deposited, dredge-resuspended sediment.
Improved placement monitoring
One of the more common ways USACE modifies the coastal landscape is through the creation of dredge disposal sites, both terrestrial and aqueous, and the deliberate placement of sediment on a beach or in the nearshore to reduce or temporarily cease coastal erosion. In all deliberate placement efforts, the morphology of the deposit is regularly monitored, usually by frequent bathymetric or lidar surveying. When sediment is transported slowly from the placement, however, discerning its ultimate sink may prove to be more of a challenge because the downstream volume or elevation change caused by the transported placement material is too small to be mapped with traditional methods. Geochemical fingerprinting can be used to track the movement of placed sediment at a much higher resolution (both temporally as well as spatially) than traditional methods. For example, Noakes and Jutte (2006) used ratios of 7 Be/ 137 Cs, along with variations in sediment grain size, to track the previously unmapped transport and accumulation of sediment offshore from a dredge disposal site to a coral reef. Theiler et al (1999) tracked the offshore movement of sand from nourished beaches along the North Carolina-South Carolina border using variations in grain size and carbonate mineralogy and chemistry. Both of the cited studies were able to track the sediment at a much higher spatial and temporal resolution than traditional volumechange studies.
Sediment transport post dam removal
According to the USACE National Inventory of Dams (NID), there are more than 80,000 dams located within the United States (http://nid.usace.army.mil/cm_apex/f?p=838:5:0::NO). The majority of these dams were constructed prior to 1970. As aging and maintenance costs for many of the nation's dams have increased over the last few decades, so has awareness of adverse effects of dams on the physical, chemical and biological characteristics of rivers (Hart et al. 2002) . As a result, the viability of dam removal as a means of stream restoration has grown in popularity in recent years . While dam removal can be beneficial to long-term stream restoration goals, there are also short-term environmental responses, such as increased mobilization of reservoir bottom sediments, that need to be better understood.
A large amount of sediments transported by rivers and streams is deposited and becomes trapped in the reservoirs created by dams. With the removal of dams, these bottom sediments can be transported downstream. Although factors such as channel slope, flow magnitude, and sediment type impact the rate and quantity of sediment that becomes available for transport, an overall increase in sediment load can be expected following drawdown until a new equilibrium in channel morphology, floodplains, and riparian vegetation can be established in the former impoundment (Hart et al. 2002) . The transport of these sediments can have significant impacts on water quality and ecosystems downstream. The majority of nutrients in impounded areas are stored in the benthos (Perrin et al. 2000; Stanley and Doyle 2003; . The exposure of these sediments as a result of drawdown results in multiple biogeochemical reactions that can have impacts on nutrient levels in both the sediment and water column . This can be a concern if the exposure and transport of reservoir sediments results in the Total Maximum Daily Limits (TMDLs) for nutrients being exceeded following dam removal. Additionally, dam removal can also result in increased distribution of contaminants downstream. Contaminants such as heavy metals, polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs) are preferentially adsorbed to fine sediments. Deposition of these sediments occurs in low-energy environments such as reservoirs. Therefore, reservoirs that receive water and sediment from basins with significant industrial and agricultural activity may contain fine sediments with elevated levels of contaminants. The movement of these materials following dam removal can impact sensitive ecosystems and communities downstream of the reservoir.
Along with nutrients and contaminants that are associated with sediment, the sediment itself can also impact ecosystems and environments downstream of dam removal projects. An increase in fine sediment transport following dam removal can alter bed grain size and water column turbidity. These factors are critical to benthic communities and can determine the species of plants and animals that can survive in an area. For these reasons it is important to monitor sediment dynamics in a system following dam removal and to understand how the system is responding to that alteration.
Geochemical fingerprinting can be an effective tool in identifying and distinguishing sediments that originated from a reservoir prior to dam removal from other fluvial sediments. The deposition and burial of sediment within impoundments created by dams allow for those materials to remain in place for extended periods of time. This longer residence time allows reservoir sediments to "age" in place when compared to those sediments that are actively transported down river. As previously described, radioisotopes can be utilize to determine the age of sediments to some extent. Additionally, the presence and concentration of any contaminants and nutrients that can be associated with reservoir sediments could also be used as identifying markers. If defining markers such as these can be identified that distinguish reservoir sediments from other fluvial sediments, then it would be possible to map out areas most impacted by reservoir sediments based on the presence or absence of these geochemical markers.
Offshore fate of terrestrial sediment
The offshore transport and accumulation of terrestrial sediment can have potentially deleterious effects on coastal ecosystems. Increased sediment loads resulting from the transport of dredge plumes into coastal regions, or from resuspension from offshore disposal sites, have been known to impact sensitive nearshore reef systems by reducing growth, diversity, metabolism, and fecundity (e.g., Rhoads et al. 1978; Guzman and Holst 1993; Riegl and Branch 1995; Telenicki and Goldberg 1995; Gilmore 1999; Miller and Cruise 1995; Noakes and Jutte 2006) and potentially also contaminate sensitive larval nursery regions (e.g., van den Hurk et al. 1997) . Given that the resuspension process may release sediment-sorbed contaminants when a dredge resuspends the contaminated material (e.g., Johnston 1981; van den Hurk et al. 1997; Nayar et al. 2003; Eggleton and Thomas 2004 and references therein) , it is critical that dredge-suspended sediments are geochemically identified, distinguished where possible from nondredge-sourced suspended sediment, and tracked to more fully mitigate any deleterious effects they specifically may cause during subsequent transport and deposition. Several other processes can resuspend sediments that can then be transported to sensitive regions, including natural processes (e.g., storm and tidal scour, flood events) as well as other anthropogenic processes (e.g., trawling and vessel wake scour). Despite this, when increased sediment loading is noted offshore of a region dredged or otherwise modified or maintained by the Corps, the Corps is generally considered to be the culprit and solely responsible for mitigation of the impacts the increased sediment loads are causing, even without any supporting geochemical evidence.
Geochemical fingerprints are key for identifying the actual source of increased suspended and accumulating sediment loads. Specifically, Noakes and Jutte (2006) successfully utilized a combination of sediment traps and radioisotope ratios to distinguish natural riverine-sourced vs. dredge-sourced sediment transported offshore from Charleston Harbor onto hard bottom reef habitat. Their results suggested much of the sediment accumulating on the reefs was tidally transported (i.e., not sourced from density-driven dredge plumes), though further geochemical work was needed to fully quantify the relative percentages of dredge vs. natural-sourced sediment in the large region. More recently, Guerra et al. (2009) used a suite of geochemical markers to determine that sediment resuspended by dredging activities in a northern Adriatic coastal lagoon did not adversely affect the environmental quality of the lagoon. The additional, quantitative information yielded by a geochemical study may serve to reduce or even limit the Corps' responsibility when terrestrial sediment that is measured offshore of harbors, estuaries, or bays that are actively modified by Corps' activities is proved not to be sourced by those activities. They may also serve to discern the pathway(s) of sediment transport from the source(s) to the offshore sink.
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Military applications
Contamination of the local ecosystem surrounding military installations, both coastal and inland, is a constant concern. Sources of potential contamination can vary widely, from firing ranges and ordinance storage/disposal/production facilities to fuel depots. Unfortunately, the potential transport of contaminated sediment downstream from these facilities has to date been poorly quantified, with only a few exceptions. Accordingly, when contaminated sediments are found downstream of a military facility, the natural assumption is that the sediment is sourced from the facility or base, and thus the DoD is responsible for all related remediation. Geochemical fingerprints can be used to discern the source(s) of the contaminated sediments, as long as there is geochemical variation in the watershed as a whole. For example, PAHs are measured at similar concentrations in the relatively pristine York River estuary as those measured in the larger, and more impacted, Chesapeake Bay (Countway et al. 2007) . Recent research by Countway et al. (2003 Countway et al. ( , 2007 quantified the source(s) of PAHs in the York River and determined if they were potentially related to contamination from either a paper processing mill near the head of the estuary (~50 km upstream of the mouth) or Cheatham Annex, a nuclear weapon storage facility located farther downstream (~15 km upstream of the mouth). PCA revealed that PAHs in the estuary were classified into three groups: volatile, soot-associated, and perylene. All three were found to be derived from natural sources (i.e., either plankton derived or terrestrial/vascular plant material derived) and were not sourced from either facility. Studies such as these illustrate that geochemical fingerprints provide a robust and quantitative way of discerning if contaminated sediment is sourced from military facilities.
Site Selection Criteria
Despite the potential value in using geochemical fingerprints to identify the different sources of sediment accumulating within a region, a broad acceptance of the methodology is hampered by a lack of a standard, systemic methodology (e.g., Collins et al. 1997; Collins and Walling 2002; Davis and Fox 2009 ). Because every sediment system is different in terms of geographic location (i.e., terrestrial, marine, or mixed), catchment geology, and land-use practices, no single suite of geochemical tools is appropriate for use at every potential site. In addition, the potential sediment sources need to be distinguishable from the area of concern. Accordingly, the following characteristics should be considered when determining whether a specific site is a viable candidate for geochemical fingerprinting.
Historical geochemical data
Most districts involved in sediment management have a data archive of geochemical data that can provide invaluable location information for a geochemical study. For example, a district may routinely quantify the grain size distribution and percent toxic metals for accumulating harbor sediments prior to routine dredging as part of their overall mission. These data can be reanalyzed to determine not only a site's suitability for geochemical fingerprinting but might also provide preliminary insight into the number and location of potential sediment sources and sinks.
Catchment geology
The geological makeup of a catchment is the ultimate source of the mineralogical fingerprint of a site. Determining the source of sediment in an accumulating region can be done via variations in mineralogy if variations in the geology of the eroding material (such as granitic bedrock vs. limestone) can be quantified. Variations in geology are not limited to terrestrial locations; an accumulating region where the terrestrial end member is volcanic, compared to a coral oceanic end member, can also be distinguished via mineralogy.
Catchment land use
The land-use patterns for a catchment can provide a significant degree of insight as to the source(s) of accumulating sediment. With regards to mineralogy and/or trace metals, toxic sediment, such as fly ash, being discharged from part of the catchment could be used to fingerprint sediment accumulating from that region of the catchment. With regards to stable isotopes and radioisotopes, sediments sourced from the erosion of heavily industrialized regions have different isotopic signatures than do sediments sourced from more residential, agricultural, or even natural regions.
Variations in organic material
Although the isotopic signature and composition of organic material sorbed to sediment particles can vary from one catchment to another in a terrestrial setting, a region that has potential terrestrial and oceanic end members will likely have dramatic variations in sedimentary-associated organic composition.
Radioisotope availability
Naturally occurring radioisotopes are not equally distributed spatially or temporally. Using excess 234 Th to identify marine and/or short-lived sedimentation requires an oceanic (or very large lacustrine) end member. Excess 210 Pb, while more ubiquitous, is not applicable in regions with little rainfall and/or incredibly high suspended sediment yield. Variations in 7 Be activity are limited to the latitudes where 7 Be is atmospherically concentrated (usually below ~50͒ latitude), and its presence is temporally variable due to known atmospheric circulation patterns (typically early spring to summer).
Guidance for Use
It is unlikely that every site that could benefit from geochemical fingerprinting of accumulating sediment will meet all of the above-listed criteria. Nor is it possible to set a minimum number of criteria that any site should meet; for instance, a site characterized by sedimentation from both open ocean and terrestrial sources but where the catchment geology or land use does not differ at either end member, may still benefit from a geochemical analysis. Not every site will have an extensive historical dataset, either. In addition, the nature of the query is also critical in determining the usefulness of a geochemical analysis. For instance, if the timing of sediment accumulation in a navigable region is under question, radioisotope analysis might provide useful insight but only if the grain size and/or latitude of the site are favorable for analysis. Accordingly, each potential site should be considered independently.
The following outline presents a simple checklist for determining if a site is a candidate for geochemical fingerprinting and a rough outline for the general steps that will be followed during a typical study. Not all sites will have an abundance of previously collected sediment or survey data for initial analysis. Additional data, such as bathymetric, lidar, or geophysical surveying may be required to more quantitatively map a source or sink deposit at a site, and this potential need will be evaluated on a site-by-site basis. The actual geochemical markers to be used, and thus the length of time and total cost that new collection and analyses will take to perform, will also be determined on a site-by-site basis. The general checklist and subsequent study steps, however, will be relatively consistent for every site considered. If necessary, cores will be collected to determine accumulation rates during the first field effort. c. Analyses are run, and data input into PCA models.
i. Results from sample analyses will be compiled into a database for PCA. ii.
Multiple PCAs will likely be run to fully discern all the potential sediment sources. iii.
Additional field efforts might be required if PCAs indicate a source was insufficiently sampled.
Final report/publication is prepared. In-person brief, when possible, is provided to the District.
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Summary
Although geochemical markers have been used by the greater scientific community to discern the sources, sinks, and transport processes of sediment in aqueous environments for decades, the USACE has been slow to adopt the methodology as part of its regular sediment research and monitoring plans. Geochemical fingerprinting can be a useful tool for sediment management that is directly relevant to the Corps' overall mission. To be used effectively, a prior understanding of the system and its likely sources and sinks of sediment is required. Many applicable sites, however, hold a wealth of such data collected during regular sediment and/or dredge monitoring activities. Although the method will not be applicable in every site for every application, as long as there is some heterogeneity between sediment types and sources, then geochemical fingerprinting could be a possible technique that greatly improves the Corps' ability to effectively and economically manage sediment.
